Background: Several investigations carried out from large brackish lagoons in South Korea. However, no studies have yet examined phytoplankton in lagoons that changed to freshwater, such as Cheonjin Lake. The present study examined the algae from Cheonjin Lake.
2004; Kwon et al. 2005) . However, no studies have yet examined phytoplankton in lagoons that changed to freshwater, such as Cheonjin Lake.
Desmids, a group of green algae within the Charophyceae, occur in diverse freshwater habitats, most of which have low salinity and hence low specific conductivity. This includes reservoirs, lakes, ponds, ditches, and bogs, but desmids are especially abundant in acid bogs, in association with Sphagnum and Utricularia species (Brook 1981; Brook and Williamson 2010) .
The present study examined the phytoplankton from Cheonjin Lake, formerly a small lagoon, but now a freshwater lake in northeastern South Korea.
Methods

Study site
Cheonjin Lake is located in the near the coastal region of South Korea (Fig. 1 ) at latitude 38°15′ 14″ N and longitude 128°33′ 22″ E. This lake was originally a brackish lagoon connected to the East Sea, but it changed to a freshwater lake following road construction. Over time, it was polluted and reduced in size because of various development projects and reclamation for farmland. The surface area is about 0.28 km 2 and the depth is about 1.5 m. The vegetation is abundant and mainly consists of reeds (Poales) and water lilies (Nymphaea spp.).
Sample collection and identification
Samples were collected at monthly intervals from May 2017 to April 2018, from the surface layer using a plankton net (mesh size 20 μm), and by squeezing submerged macrophytes. All living materials were immediately examined, and after an initial examination, materials were fixed with 5% formalin for permanent preservation and detail identification. Microscopic examinations were conducted at a magnification of 200 to 1000× using a Zeiss microscope (Axio Imager.A2), and photographs were taken with an AxioCam HRC camera (Carl Zeiss). Silica-scaled samples of Chrysophyta for scanning electron microscopy (SEM) were placed on coverglass, air dried, coated with gold, and then examined with a Hitachi SV8220 SEM. Bacillariophyceae were not examined. The materials were deposited at the Department of Biology, Kyungpook National University.
Results
Algae in Cheonjin Lake
I identified 376 taxa from seven major algal groups in Cheonjin Lake. There were 148 desmids (Charophyceae), the most abundant group. This was followed by Chlorophyceae (103 taxa), Chrysophyta (53 taxa), Euglenophyta (49 taxa), Cyanophyta (13 taxa), Dinophyta (8 taxa), and Chryptophyta (2 taxa) ( Table 1 ). There were 28 species of desmids new to Korea, and one newly identified species- 
Mallomonas splendens
Mallomonas striata C. hexagonum sp. nov.. There were also 9 species of Euglenophyceae, 4 species of Chlorophyceae, 2 species of Chrysophyceae, and 1 species of Xanthophyceae that were new to Korea. I photographed and briefly discussed the taxonomy of all species (Plates 1, 2, 3, 4, 5, 6, and 7), including the one newly identified species of desmids. Table 1 lists all algal species from Cheonjin Lake. Cheonjin Lake had abundant Charophyta, especially desmids, and significantly greater phytoplankton richness during the autumn (September and October; 180 taxa) than during the cold season (December to March; 44 to 54 taxa) (Fig. 2) .
Chlorophyta
I identified 103 taxa in the Chlorophyceae, 4 of which are new to Korea. Also, we identified 148 taxa in the Charophyceae, and desmids were the most abundant and widely distributed throughout the year. We identified one new species-Cosmarium hexagonum sp. nov.-and 27 taxa that were new to Korea. Notably, we recorded Triploceras gracile for the first time in the Korean peninsula. Colony free-floating, with 4, 8, 16, or more cells densely arranged, enclosed by a hyaline mucilaginous sheath; cells flattened, strongly curved, crescent-shaped, with pointed ends, sometimes almost touching, and frequently slightly twisted; single chloroplast with a pyrenoid fills the entire cell. Cell length 10-15 μm, width 3-5 μm.
Systematic enumeration and descriptions
Tetradesmus lunatus Koršikov (Plate 1, Fig. 4 ) Komárek and Fott 1983, p. 806, Pl. 223, Fig. 5 .
Coenobium with 4 cells, quadrate arrangement in two planes, and parallel longitudinal axes; cells lunate, adjoined lengthwise along 1/3 of lateral walls; outer wall concave, apices narrowed. Cell length 17-18 μm, breadth 3-5 μm. Cell 6-8 times as long as broad; small reddish granules between ends of chloroplast and apices; chloroplast single, 2-3 turns of the cells. Cell length 22-27 μm, breadth 3-5 μm.
Closterium angustatum Kützing ex Ralfs (Plate 5, Figs. 1-3)
Coesel and Meesters K(J). 2007, p. 39, Pl. 25, Fig. 4; Brook and Williamson 2010, p. 204, Pl. 85, Figs. 1-7, Pl. 86, Figs. 1-4. Cell narrow, elongated, about 12-20 times longer than broad, slightly curved or straight, central margins nearly parallel, each apex slightly attenuated; cell ends slightly swollen and capitate; cell walls having girdle bands and a broad costa (2-3 striation/10 μm). Cell length 250-500 μm, breadth 19-28 μm, breadth of apex 4-6 μm. Cell narrow, slender, about 20-35 times longer than broad, almost straight and fusiform, slightly curved and attenuated near the apex, apices obliquely truncately rounded; cell walls with girdle bands, finely striate (10-15 striation/10 μm). Cell length 200-220 μm, breadth 9-11 μm, breadth of apex 4-6 μm. Cell cylindrical, elongate, about 18-24 times longer than broad, not tapering toward the apices; semicells with a very slightly basal inflation, both apexes truncate, with a whorl of tiny granules, 8-12 visible in face view. Cell length 600-800 μm, breadth 31-42 μm.
Actinotaenium cucurbitinum (Bisset) Teiling (Plate 2, Fig. 1 ) (Syn.: Cosmarium cucurbitinum (Bisset) Lütkemüller) Hirano 1955, p. 80. Pl. 16, Fig. 23; Prescott et al. 1981, p. 11, Pl. 151, Figs. 1-3. Cell medium-size, about 2-2.5 times longer than broad, ellipsoid to broadly fusiform, median constriction shallow, apices rounded; cell walls with distinct pores; chloroplast star shaped. Cell length 60-70 μm, breadth 25-30 μm, isthmus 22-28 μm. Cell small, about as long as broad, median constriction deep, sinus open outward; semicells rhomboid, lower lateral margins rounded, slightly convex, median part slightly pronounced, apex straight, symmetrically elliptic, poles pronounced or rounded; in vertical view semicell octagonal shape, with a prominent conical tumor in the midregion on either side, lateral margins straight to slightly retuse. Cell length 25-27 μm, breadth 24-25 μm, isthmus 5-6 μm.
This species is similar to C. praecisum Borge, C. polygonatum Halász, C. polygonum var. polygonum f. rectum Bicudo and C. polygonum var. hexagonum Grönblad in hexagonal semicell shape and having tubercles in median region of semicell. However, C. hexagonum sp. nov. is distinguished from the others by the more large size, more hexagonal outline of the semicells and octagonal shape with retuse margins and more conical tumor in the median region of semicell in vertical view (Table 2) .
Type locality: Cheonjin Lake, Kangwon Province, Goseong County, South Korea (128°33′ 22″ E, 38°15′ 14″ N).
Holotype: Figures 16 and 17 from materials collected on 1 May 2017 deposited at the National Nakdong River Institute of Biological Resources (NNIBR) and Department of Biology, Kyungpook National University.
C. cf. depressum var. planktonicum Reverdin (Plate 2, Figs. 19 and 20) Croasdale and Flint 1988. p. 65. Pl. 34, Figs. 7 and 8; Yamagishi and Akiyama 1997. 18. 24. Cell small, slightly broader than long, median constriction deep, sinus narrowly open, enclosed in thick mucilaginous sheath, with numerous radiating fibrils; semicells elliptic, upper margins straight to slightly convex, elliptic with poles broadly rounded in vertical Plate 1 Fig. 1 Oligochaetophora simplex. 2 Kirchneriella dianae. 3 Tetraedriella polychloris. 4 Tetradesmus lunatus. 5 Parallela transversalis. 6−9 Xanthidium cristatum var. papilliferum. 10−12 Desmidium baileyi var. caleatum. Scale bars here and below: 10 μm view; cell wall punctate. Cell length 15-17 μm, breadth 17-20 μm, isthmus 4-5 μm. This specimen is similar to C. depressum var. planktonicum. However, it differing from the nominate variety by elliptic shape compare to trapeziform of semicell in front view. Cell small, as long as broad, median constriction deep, sinus linear, closed; semicells subhexagonal, lateral, upper margins slightly concave, elliptic with poles broadly rounded in vertical view. Cell length 10-11 μm, breadth 10-11 μm, isthmus 3-3.5 μm. Cell small, about 1.3-1.4 times longer than broad, median constriction deep, sinus acutely open, often enclosed by thick gelatinous sheath; semicells broadly elliptic, elliptic with a lenticular thickening at both sides in vertical view, circular with a lenticular thickening at both sides and often brown in lateral view (Figures 9 and 10, arrow) . Cell length 28-30 μm, breadth 21-23 μm, isthmus 4-5 μm.
Plate 2 Fig. 1 Actinotaenium cucurbitinum. 2-4 Cosmarium geminatum. 5-7 C. exigum. 8-10 C. ocellatum var. glabrum. 11-13 C. ocellatum var. notatum. 14-15 C. hexagonum sp. nov.. 16-18 C. pseudoornatum. 19-20 C. cf. depressum var. planktonicum. Fig. 4 .
Cell small, about two times as long as broad, median constriction deep, sinus acutely open, closed outwardly; semicells subquadrate with rounded angles, lateral margins and apex almost straight, elliptic in vertical view, broadly elliptic in lateral view; cell wall smooth; Cell length 14-29 μm, breadth 7-15 μm, isthmus 3-5 μm. Cell small, subcylindrical, as long as broad, median constriction deep, sinus acutely open and rounded at extremity; semicells transversely elliptic, apical margin flat to slightly convex, lateral margins convex, apical and basal angles rounded, elliptic in vertical view with a pair of small emarginated warts at middle on each side, nearly circular with granules in lateral view; cell wall granulate, midregion with a pair of 4 small granules transversely disposed. Cell length 26-27 μm, breadth 25-27 μm, isthmus 7-9 μm.
Cosmarium inornatum Joshua (Plate 3, Figs. 13 and 14) Yamagishi and Akiyama 1987. 7. 19 .
Cell medium in size, subcylindrical, about two-times longer than broad, median constriction very shallow, sinus widely open; semicells subquadrate, apex convex and undulate, apical angle broadly rounded, lateral margins parallel, lower lateral undulations rather larger than upper undulation, broadly elliptic to nearly circular in vertical view; cell wall with regularly disposed granules. Cell length 34-36 μm, breadth 18-20 μm, isthmus 11.5-13 μm. Figs. 1-3) (Syn.: Cosmarium medioscrobiculatum var. egranulatum Gutwinskii) Scott and Prescott 1961. p. 63. Pl. 26, Fig. 3; Yamagishi and Akiyama 1987. 7. 20 .
Cosmarium medioscrobiculatum W. & G.S. West (Plate 3,
Cell large, slightly longer than broad, median constriction deep, sinus narrowly linear; semicells semicircular to trapeziform, apical margin nearly flat to convex, basal angles broadly rounded, with thickened wall (Plate 3, Fig. 1, arrow) , hexagonal in vertical view; cell wall with minute granules and about 20 scrobiculations. Cell length 68-70 μm, breadth 60-65 μm, isthmus 24-26 μm. Our isolates much larger than type specimen. Cell small, slightly longer than broad, median constriction deep, sinus linear, apex dilated; semicells subsemicircular, basal angle rounded, elliptic with poles broadly rounded in vertical view, circular in lateral view; cell wall fine punctuate, with central scrobiculation (Plate 2, Fig. 11, arrow) , wall in midregion strongly thickened and often brown (Plate 2, Fig.  12, arrow) . Cell length 24-25 μm, breadth 21-23 μm, isthmus 4-5 μm. Cell medium in size, about 1.5 times longer than broad, median constriction deep, sinus narrow linear, slightly dilated extremity; semicells reniform, apex elevated, basal angles rectangular-rounded, lateral margins slightly convex, ellipsoid in lateral view, broadly elliptic in vertical view; cell wall with coarse granules arranged in regular, longitudinal rows. Cell length 50-52 μm, breadth 30-32 μm, isthmus 10-11 μm.
Cosmarium stigmosum (Nordstedt) Krieger (Plate 3, Figs. 18 and 19) Krieger and Gerloff 1969, p. 169, Pl. 35, Fig. 1; Yamagishi and Akiyama 1987. 6, 27. Cell medium in size, about 1.2 times longer than broad, median constriction deep, sinus narrow, open outward; Semicells trapeziform, basal angle rounded, apex flat to slightly convex, lateral margin convex, apical angles broadly rounded; hexagonal-elliptic with poles broadly rounded in vertical view; subcircular in lateral view; cell wall with fine granules. Cell length 39-41 μm, breadth 32-34 μm, isthmus 14-15 μm.
Xanthidium cristatum var. papilliferum Irénée-Marie (Plate 1, Figs. 6-9) Prescott et al. 1982. p. 65. Pl. 321 , Fig. 1 .
Cell large, slightly longer than broad (excluding spines), median constriction deep, sinus narrowly linear, slightly open extremity; semicells subpyramidal, apices truncate, lateral margins concave, lateral and apical angles with pairs of spines upwardly directed, basal angles with a spine horizontally directed and a single wart (Plate 1, Fig. 6 , arrow), midregion protuberance bearing a ring of 8-12 pits surrounding a series of 2-3 pores, elliptic with a small protuberance at midregion on each side and 3 divergent spines at each pole in vertical view, circular with a small midregion protuberance on each side and a pair of divergent spines at apical margin in lateral view. Cell length 45-48 μm excluding spines, 61-65 μm including spines, breadth 42-45 μm excluding spines, isthmus 10-11 μm, spine length 7-10 μm.
Xanthidium octocorne Ralfs (Plate 4, Figs. 1 and 2) West and West 1912, p. 3, Pl. 117, Figs. 6-10; Coesel and Meesters K(J). 2007, p. 155, Pl. 85, Figs. 9-11. Cell small, about 1.3 longer than broad (excluding spines), median constriction deep, sinus wide, almost semicircular excavation; semicells transversely trapeziform-rectangular, basal margins slightly concave or straight, sides concave, basal and upper angles rectangularly rounded and with long, acute, straight spines; spines of basal angles parallel to slightly divergent, spines of upper angles divergent, apical margin distinctly concave than the lateral margins, subcircular to ovate in lateral view, elliptic with angles rounded and a straight spine in vertical view. Cell length 17-20 μm excluding spines, 22-24 μm including spines, breadth 11-13 μm excluding spines, isthmus 4-5 μm, spine length 5-7 μm.
Staurastrum arachne Ralfs (Plate 4, Figs. 5-8) Hirano 1959. p. 366, Pl. 47, Fig. 10; Prescott et al. 1982. p. 127. Pl. 429, Fig. 5; Pl. 432, Figs. 3 and 9; Coesel and Meesters K(J). 2007, p. 174, Pl. 107, Figs. 1-3. Cell small, about two times as long as broad with processes, median constriction deep, sinus an acute notch, open toward apex, isthmus narrow; semicells cup-shaped, apical margins slightly convex, lateral angles extended into relatively slender horizontal process terminated by 3 min spines; dorsal margin crenulate, ventral margin smooth, arms horizontal, with 4 series of minute encircling denticulations and with a horizontal series of minute spines above the isthmus, 5-radiate, sides concave, internal region of sides with one minute sharp spine, central area smooth, angles with processes tipped with 3 min teeth in vertical view. Cell length 20-22 μm, breadth 36-40 μm with processes, isthmus 9-11 μm. Cell small, including processes about 1.35 times broader than long, median constriction deep, sinus an acute notch, broadly open, isthmus relatively broad; semicells subcuneate, apical margin slightly convex, ventral margins concave, processes relatively long and nearly horizontal or strongly downturned, with series of 4 transverse granules, tipped with 2-3 short teeth, triangular with slightly concave margins, truncate processes, margins undulate-granular, smooth in median region of cell in vertical view. Cell length 17-20 μm, breadth 27-30 μm with processes, isthmus 4-5 μm.
Staurastrum sexangulare var. productum Nordstedt (Plate 4, Figs. 13-15) Scott and Prescott 1961. p. 107. Pl. 46, Fig. 4 .
Cell medium in size, including protuberance about 1.5 times broader than long, median constriction deep, sinus broad and U-shaped, acutely open at the extremity; semicells bowl-shaped, basal margins slightly concave, apical margin convex, lateral margins forming a processes divided into two whorls of subprocesses, lower whorl of subprocesses horizontal or slightly convergent, upper one divergent, each process with 2-3 series denticulations at Isthmus 5-6 μm 3 -6 μm 3.5-5 μm 4μm 2.5 μm the side and 3-4 spines at the extremity, 5-radiate, angles produced to form the long tapering processes, upper whorl of subprocesses from base of lower one, sides concave and with two pairs of small granules at base of each processes, midregion smooth in vertical view. Cell length 35-37 μm, breadth 55-58 μm with processes, isthmus 9-10 μm. This variety differs from type species by a pair of granules between processes, and two pairs of minute granules at base of each processes.
Staurastrum sinense Lütkemüller (Plate 4, Figs. 9-12) Prescott et al. 1982. p. 190, Pl. 340, Figs. 1 and 2; Coesel and Meesters K(J). 2013, p. 149, Pl. 54, Figs. 11 and 12. Cell small, about as long as broad with processes, median constriction deep, sinus a broad U-shaped, widely open; semicells broadly cuneiform, apical margin truncate or nearly straight, apical angles produced to form cylindrical processes, with 4-5 or more concentric series of fine granules, 4-radiate, sides concave, pronounced, broadly rounded to truncate angles, central area smooth in vertical view. Cell length 20-25 μm, breadth 20-25 μm with processes, isthmus 8-10 μm. 2007, p. 207, Pl. 120, Figs. 5-7; Dillard 1993 , p. 122, Pl. 35, Fig. 1. John et al. 2011 Cell as long as broad or slightly broader than long; median constriction deep, sinus narrow linear; semicells ellipsoid or semicircular, apical margin slightly convex; apical processes about 1/2 of semicell length, widely spaced and disposed asymmetrically, one overlapping adjacent cell in front, the other behind; wall smooth. Cell length 10-13 μm, breadth 13-14 μm, isthmus 4-5 μm. This species was reported by Chung et al. at Han River in 1968 , and illustrated as O. filiformis in Illustrated Encyclopedia of Fauna and Flora of Korea (Chung 1968 ), but cell shape of that specimen differs considerably from type species.
Micrasterias foliacea Bailey ex Ralfs (Plate 5, Fig. 11 ) Prescott et al. 1977. p. 158. Pl. 139, Figs. 3-8. This species reported by Chung et al. only as list at Seoul and Chuncheon in 1965 and 1968, respectively, but it has not been reported in Korean peninsula until observed at very shallow wetland of Jeju Island by Kim (2014a) .
Triploceras gralile Bailey ex Ralfs (Plate 6, Fig. 1 ) Prescott et al. 1975. p. 143. Pl. 51, Figs. 7-14; Dillard 1990, p. 140, Pl. 49, Fig. 6 .
Reported by Kim (2014b) in a very shallow wetland on Jeju Island, but very rare and new to Korean peninsula.
Euglenophyta
I identified 49 taxa in the Euglenophyta, 9 of which are new to Korea.
Cell long and fusiform; anterior end narrowly produced, with neck-like constriction and truncate, slightly bipapillated; posterior end gradually narrow and projected into a straight cauda, with a distinct nodulation at base; lateral sides convex; periplasts longitudinally striated; paramylon two, ring-like plate. Cell length 35-42 μm, breadth 9-11 μm.
Lepocinclis ovum var. palatina Lemmermann (Plate 7, Figs. 7 and 8) Yamagishi and Akiyama 1997. 19. 33 .
Cell broad ovoid, broadest at posterior end; anterior end gradually narrowed, rounded, shallowly bilobed; posterior end broad truncately rounded, with a small papillate cauda; periplasts spirally striated; paramylon two, ring-like plate. Cell length 30-33 μm, breadth 20-25 μm. Cell large, thick, broad ovoid, nearly suborbicular in face view; dorsal surface with a longitudinal, deep furrow extending the full length of the cell; thin ellipsoid with a concave absence at one side in vertical view; anterior end narrowly rounded and shallowly bilobed; posterior end broadly rounded, with an abbreviated obtuse cauda-like projection; lateral sides broadly swelled; periplasts roughly and longitudinally striated; paramylon one or two, large, ring-like or circular plate. Cell length 45-50 μm, breadth 30-32 μm.
Lepocinclis pseudoovum
Phacus lefevrei Bourrelly (Plate 7, Fig. 12 ) Yamagishi and Akiyama 1987. 7. 50 .
Cell large, broad ovoid to subcircular; anterior end slightly narrow and rounded, shallowly bilobed by a dorsal furrow; posterior end broadly rounded with a short round projection; lateral sides broadly rounded with periplasts, roughly and longitudinally striated; paramylon a single large circular plate. Cell length 44-47 μm, breadth 42-45 μm.
Chrysophyta
I identified 53 taxa in the Chrysophyta, 3 of which are new to Korea.
Tetraedriella polychloris Skuja (Plate 1, Fig. 3 ) John et al. 2011, p. 332, Pl. 85, Fig. D .
Cells free-floating, tetrahedral, with slightly convex to concave sides and broadly rounded angles, rounded corners without spines; cell wall fairly thick and ornamented with coarse punctate; chloroplast numerous, small discoid, without pyrenoid; Cell diameter 25-30 μm. Thallus epiphytic, unicellular; lorica flask-shaped with angular corner and base flattened against substrate; neck long and cylindrical; one or two small discoid chromatophores. Lorica diameter 16-18 μm, height 11-12 μm; neck length 4-5 μm, diameter 2-2.5 μm.
Discussion
Previous studies have reported about 2450 taxa of freshwater algae in Korea excluding diatoms (Kim 2015; Kim 2015a, 2015b; Kim 2015a, 2015b; Kim 2017; Kim and Kim 2017; Jung et al. 2017) . We identified one new species-Cosmarium hexagonum sp. nov.-and provide the first report of 44 phytoplankton taxa in Korea.
The phytoplankton community of Cheonjin Lake has high species diversity, especially desmids, and the number of species was greatest during the autumn. Previous investigations in swamps or in old and shallow reservoirs of Korea have reported similar results Chung 1993a, 1993b; Kim 2001) . Cheonjin Lake appeared to have a greater abundance of phytoplankton than other brackish lagoons in Korea. Several previous studies have examined phytoplankton flora in lagoons of Korea. In particular, the phytoplankton communities of these lagoons had 15 to 164 taxa, with a high abundance of diatoms (Cho et al. 1975; Mizuno and Cho 1980; Lee et al. 2000; Moon and Lee 2002; Heo et al. 2004; Kwon et al. 2005) . However, the phytoplankton flora in Cheonjin Lake, which recently changed to freshwater, were characterized by a high abundance of desmids and chlorococcal green algae and relatively low abundance of diatoms, in contrast to the previously surveyed brackish lagoons, lakes, reservoirs, and swamps in Korea. In fact, the phytoplankton community of Cheonjin Lake was very similar to that of shallow reservoirs and swamps at inland locations, in that there was a high species diversity and many species of desmids, but few taxa in the Euglenaceae Chung 1993a, 1993b) . In addition, this lake has 44 taxa, including one new species, that are new to Korea.
In conclusion, this study of changes in a phytoplankton community in a region that changed from lagoon to brackish water and then to freshwater provides important new information about ecological succession in an aquatic community.
Conclusion
In this study, a total 376 taxa of 148 desmids (Charophyceae), Chlorophyceae (103 taxa), Chrysophyta (53 taxa), Euglenophyta (49 taxa), Cyanophyta (13 taxa), Dinophyta (8 taxa), and Chryptophyta (2 taxa) were identified from Cheonjin Lake. Twenty-eight taxa of desmids including a new species (Cosmarium hexagonum sp. nov.), 9 taxa of Euglenophyceae, 4 taxa of Chlorophyceae, 2 taxa of Chrysophyceae, and 1 taxon of Xanthophyceae were newly recorded in Korea. 
